This article focuses on the role of omega-3 fatty acids as precursors for lipid signaling molecules known as oxylipins. Although omega-3 fatty acids are benefi cial in autoimmune disorders, infl ammatory diseases and heart disease, they are generally underrepresented in the American diet. A literature review confi rms that the consumption of omega-3 fatty acids -whether in food sources such as walnuts, fl ax seeds and fatty fi sh (including salmon and sardines), or in supplements -is associated with decreased morbidity and mortality. This growing body of evidence, including the results of a recent study of patients with kidney disease, highlights the need to measure omega-3 fatty acids and their oxylipin products as markers of metabolic health and biomarkers of disease. In addition, there is substantial evidence of the need to increase the omega-3 fatty acid content of American diets to optimize metabolic health.
M
any of the most signifi cant U.S. health concerns today are modulated by omega-3 fatty acids, particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Omega-3 fatty acids are associated with the prevention or reduction in severity of a multitude of diseases, from metabolic diseases such as heart disease, diabetes and kidney disease to neurodegenerative diseases such as Alzheimer's to an array of other infl ammatory diseases including osteoarthritis.
EPA and DHA attenuate the development of atherosclerosis, or arterial plaques, by reducing concentrations of infl ammatory signaling molecules called cytokines and adhesion molecules at the arterial wall where plaque forms (De Caterina et al. 2004) . EPA and DHA have also been shown to stabilize atherosclerotic plaques, thereby reducing the likelihood of fatal and nonfatal cardiovascular events (Thies et al. 2003) . EPA and DHA additionally reduce the synthesis of triglycerides (fat molecules) and secretion from the liver, and increase the size of low-density lipoproteins, which contribute to the reduction of cardiovascular disease risk (Griffi n et al. 2006) . EPA and DHA improve liver health by reducing steatosis (accumulation of fat in the liver) in patients with nonalcoholic fatty liver disease (Capanni et al. 2006) . They also improve kidney health by attenuating or even reversing the loss of kidney function and reducing hypertension in kidney diseases involving the glomerulus, the main fi ltering part of the kidney (Donadio et al. 1994 ). Omega-3 fatty acids affect the joints and are used as analgesics or pain reducers in rheumatoid arthritis (Goldberg and Katz 2007) .
The omega-3s even play a role in brain health: high blood plasma levels of omega-3 fatty acids are associated with a reduced risk of neurodegenerative diseases such as Alzheimer's disease (Schaefer et al. 2006) and mental disorders such as schizophrenia (McNamara et al. 2007 ) and depression (Sanchez-Villegas et al. 2007 ). Taken in supplement or food form, omega-3 fatty acids have been found to reverse the progression of a number of infl ammatory diseases, from infl ammatory bowel disease to diseases of the skin and joints, to other autoimmune diseases such as lupus and multiple sclerosis (Simopoulos 2002) . This review focuses on the basic biology of omega-3 fatty acids as nutritional modulators of infl ammation and presents preliminary results of a study of oxylipin biomarkers in kidney disease patients.
Intake, food sources and metabolism
Saturated and monounsaturated fatty acids, which have no double bonds or a single double bond, respectively, can be synthesized in the liver. In contrast, Srdjan Stefanovic/iStockphoto woodleywonderworks polyunsaturated omega-3 and omega-6 fatty acids, which have multiple double bonds, are considered essential in the human diet: they cannot be synthesized and must be consumed. Terrestrial plants contain the omega-6 fatty acid linoleic acid and the omega-3 fatty acid alpha-linolenic acid but not the long-chain metabolites arachidonic acid, or EPA and DHA. Both linoleic acid and alpha-linolenic acid can be converted to their respective longchain metabolites in the liver through a series of enzymatic conversions (fi g. 1).
However, since omega-3 and omega-6 fatty acids compete for the same enzymes, the relative dietary proportions of precursor fatty acids determine the net rate of conversion to their respective long-chain derivatives (Goyens et al. 2006; Liou et al. 2007 ). Linoleic acid is readily converted to its long-chain metabolite arachidonic acid, and this conversion is driven by the amount of linoleic acid ingested. However, most humans convert a smaller proportion of ingested alphalinolenic acid into EPA and even less into DHA (Pawlosky et al. 2003) . Most studies agree on estimates of about 5% conversion to EPA and less than 1% conversion to DHA (Burdge and Calder 2006) . Due to this low rate of conversion of alphalinolenic acid to EPA and DHA, and a generally low consumption of preformed dietary long-chain omega-3 fatty acids, many Americans are likely defi cient in EPA or DHA.
Omega-6 fatty acids are abundant in the Western diet and are found in high proportions in most cooking oils, grains and grain-fed animal products. On the other hand, omega-3 fatty acids are generally defi cient in the foods typically consumed by Americans. Certain foods -including leafy greens, walnuts, canola oil, fl ax-fed chicken eggs and fatty fi sh (e.g., wild salmon, anchovies, mackerel and tuna) -have relatively large concentrations of omega-3. Historically, humans consumed diets with much higher relative proportions of omega-3, with ratios of omega-6 to omega-3 of 1-to-1 or 2-to-1, in contrast to modern diets with ratios as high as 15-to-1 to 25-to-1 (Simopoulos 2008) .
The disproportionate consumption of omega-6 as compared to omega-3 fatty acids is the result of common U.S. dietary patterns. Foods such as salmon, walnuts, kale and eggs from chickens fed fl ax have higher omega-3 fatty acid content than do more common American foods, like corn oil, beef and potatoes (USDA 2011). For example, raw pink salmon has 419 milligrams of EPA and 586 milligrams of DHA per 100 grams, whereas raw ground beef contains none. Walnuts contain 3,800 milligrams of linoleic acid and 9,080 milligrams of alpha-linolenic acid per 100 grams. On the other hand, peanuts contain 15,600 milligrams of linoleic and only 3 milligrams of alpha-linolenic acid per 100 grams. These ratios mean that the typical American diet is defi cient in omega-3 fatty acids, especially when considered in relation to omega-6 fatty acids (Kris-Etherton et al. 2000) .
Because of the increasing levels of contaminants, like mercury and dioxins, in both domestic and imported fi sh (Stahl et al. 2009; Sunderland 2007) , the consumption of fi sh as a main source of long-chain omega-3 fatty acids is problematic, and some types of fi sh are not recommended for consumption by pregnant women and small children (Jedrychowski et al. 2007 ). Since terrestrial plants contain only the short-chain omega-3 precursor alpha-linolenic acid, and since alphalinolenic acid is poorly converted into its long-chain metabolites EPA and DHA, it is likely that the American diet will continue to be relatively defi cient in these important molecules unless signifi cant dietary changes are made.
Reducing disease risks
Cardiovascular disease. Omega-3 fatty acids play an important role in reducing cardiovascular disease, a leading cause of death in the United States ). They reduce events that lead to heart attack by stabilizing the heart muscles against arrhythmia (irregular heartbeat or abnormal heart rhythm) (Ballantyne 1999) . For example, 200 milligrams DHA per day decreases the chance of death from cardiac arrest by 50% (Horrocks and Yeo 1999) .
EPA and DHA metabolites stimulate the dilation of arterioles (small arteries) (Ye et al. 2002) , which decreases blood pressure and inhibit the expression of infl ammatory genes (Bouwens et al. 2009) . A literature review covering 2002 to 2004 -including a pooled analysis of 48 randomized, controlled trials and 41 cohort trials -found no signifi cant benefi t of supplementation with omega-3 fatty acids for the reduction of total mortality, cardiovascular events or cancer (Hooper et al. 2004) . However, as the authors point out, there was "signifi cant statistical 
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Corn, Yasonya/iStockphoto; walnuts, Jack Kelly Clark; fl axseed, Zbigniew Ratajczak/iStockphoto; red meat, Stuart Monk/iStockphoto; sardines, Kathleen Nolan heterogeneity" among the results given that the dosages and formulations of omega-3 fatty acids and the outcomes evaluated varied substantially, with some studies showing benefi ts and others not. This suggests that further studies are needed to evaluate the specifi c effects of different dosages and formulations of omega-3 fatty acids in different population groups and at different supplementation levels. Kidney disease. Animal trials show that omega-3 fatty acid treatment decreases blood pressure, has anti-infl ammatory effects, slows renal failure and moderates the side effects of hypertension (Imig et al. 2005; Zhao et al. 2004 ). This has been the basis for the study of the effects of omega-3 fatty acids on kidney disease. A recent literature review found that no defi nitive conclusions can be made about the effectiveness of omega-3 fatty acids for the prevention or treatment of kidney disease (Fassett et al. 2010) .
However, just as in the review of effects on cardiovascular disease, the authors point out that there was substantial variability from study to study in the dosages, proportions of specifi c omega-3 fatty acids administered (i.e., formulations), duration of supplementation, sample sizes and specifi c outcomes assessed. This again suggests that further studies are needed to better understand the specifi c formulations, dosages and markers of effectiveness for omega-3 fatty acid supplementation.
Neurological disease. There is increasing evidence that DHA specifi cally plays a signifi cant role in neurological development and disease prevention. DHA is an important component of brain development, and DHA defi ciencies have been found in patients with neurological conditions. For example, there is a strong correlation between depression and DHA defi ciency (Horrocks and Yeo 1999) . Defi ciency in DHA has also been strongly correlated with neurodegenerative diseases common in the elderly population, particularly Alzheimer's disease (Freemantle et al. 2006) .
Arthritis. Omega-3 fatty acid intake is associated with the improvement of rheumatoid arthritis, as omega-3 metabolites inhibit the production of infl ammatory cytokines responsible for arthritic pain (Zainal et al. 2009 ). Supplementation with EPA and DHA is effective against arthritic pain as well as other symptoms, including joint stiffness (Goldberg and Katz 2007) .
Oxylipins and infl ammation
Oxylipins are fatty acids that have been converted into lipid signaling molecules by enzymes in the body. The omega-6 fatty acid arachidonic acid, and the omega-3 fatty acids EPA and DHA, are converted into a wide variety of oxylipins with diverse and important signaling pathways that mediate a number of biological functions (Funk 2001) .
Most of the functions of oxylipins derived from arachidonic acid, also called eicosanoids, are well known and primarily associated with immuno-stimulatory events (which stimulate the immune system) and pro-coagulant actions (which promote blood coagulation). However, the actions of these oxylipins are typically oversimplifi ed as "pro-infl ammatory," when, in fact, over 90 bioactive omega-3 and omega-6 oxylipins with both pro-and anti-infl ammatory effects are produced by enzymes -cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 (CYP).
Pro-infl ammatory, pro-coagulant and immuno-stimulatory oxylipins are produced acutely in response to a diverse array of stimuli, such as injury to a blood vessel wall in order to initiate repair and immune cell recruitment, or to initiate blood clotting in response to injury to prevent hemorrhage (fi g. 2). An injury to the vessel wall leads to an infl ux of calcium ions into the cell, which in turn stimulates the action of an intracellular enzyme that cleaves fatty acids from phospholipids (complex lipids that make up the cell membrane). This is followed by conversion of the released fatty acid into oxylipins, which initiate the recruitment of immune cells and stimulate signaling pathways to repair the injury via paracrine (signaling between neighboring cells) and autocrine (signaling within the same cell) pathways. Finally, after the injury has been repaired, the released fatty acids are converted into oxylipins that terminate the immuno-stimulatory and repair mechanisms.
The interplay of the various oxylipins produces results in nuanced responses to specifi c events over the course of an injury such that the net physiological effect of the complex combination of oxylipins is key, rather than the absolute concentration of any one of the oxylipins alone (Serhan and Savill 2005) . Because oxylipins initiate and terminate various immune responses in different body tissues, they are important players in diseases such as heart disease, chronic inflammation, autoimmune disorders and cancer. The dietary imbalance between omega-6 and omega-3 fatty acids can result in inappropriately elevated or sustained immuno-stimulatory responses to injury or inappropriately diminished immuno-suppressing responses after an injury has been repaired. It has been suggested that the increasing incidence of hypertensive and inflammatory conditions corresponds to the proportional increase in omega-6 fatty acids and decrease in omega-3 fatty acids in the American diet (Simopoulos 2002 ).
Assessment of omega-3 status
Despite growing evidence supporting the beneficial effects of omega-3 fatty acids, there is little basic science about its metabolism under different lifestyle conditions and its variation across different populations and genotypes (genetic backgrounds). An adequate daily intake for adults of alpha-linolenic acid has been established by the U.S. Department of Agriculture at 2.22 grams per day based on consensus among field experts, and recommended EPA and DHA intake totals are 0.65 gram per day (Simopoulos et al. 1999) . However, the biological endpoints for which omega-3 fatty acids are effective have not been established. For example, although omega-3s are known to prevent cardiac arrhythmia and heart attacks (Horrocks and Yeo 1999) , a plasma level of omega-3 considered adequate for this effect has not been determined. Clearly, the measurement of omega-3 status would be beneficial in determining which individuals may be at increased risk of heart attack, as well as a number of other disorders that they mediate.
Even less is known about the optimal plasma concentrations of oxylipins. The normal ranges of omega-3-derived oxylipins were recently reported before versus after supplementation in a small sample of healthy men (Shearer et al. 2009 ). This is the first such investigation, and while little is known about the concentrations of omega-3 fatty acids themselves across populations, even less is known about concentrations of their oxylipin metabolites. The accurate measurement in plasma and red blood cells of omega-3 and omega-6 fatty acids, and the oxylipins derived from them, would enable the investigation of how these concentrations are affected by different disease states. Much like the measurement of cholesterol concentrations in plasma has led to reductions in the incidence of heart disease (EAS 1987) , and the measurement of arachidonic acid -derived oxylipins has enabled the estimation of inflammation (Funk 2001) , the measurement of omega-3 fatty acids and their oxylipin products will be valuable as a clinical toolset for detecting, monitoring and reversing an array of diseases. However, oxylipin measurement is currently limited to the research laboratory and is not available to the medical community or the general public as a diagnostic.
Kidney disease study
One example of the type of information obtainable by measuring oxylipin levels in humans was illustrated by a recent study of patients with immunoglobulin A nephropathy (IgAN), a type of inflammatory kidney disease. Because inflammation is one of the underlying causal mechanisms in IgAN, and because omega-3 fatty acids and their oxylipin products tend to be anti-inflammatory, a study was conducted to evaluate the effectiveness of omega-3 fatty acids in modulating kidney function in a set of IgAN patients.
In the current study, we identified a unique opportunity to measure oxylipins in a set of stored samples from a previously conducted trial of IgAN patients and to compare those to oxylipins in healthy control subjects. This was unique because the former patient trial involved 37 nephrology centers and was the culmination of over 8 years of work and millions of dollars in funding, which would have been nearly impossible to replicate.
For the stored samples from IgAN patients, the study design has been described in detail (Hogg et al. 2006) . Briefly, 96 patients were recruited and randomly assigned to receive one of three daily treatments over 2 years: (1) a steroidal anti-inflammatory drug, (2) fish oil containing 2 grams EPA plus 1.5 grams DHA or (3) a corn oil placebo. Subjects had biopsy-confirmed IgAN, and kidney function was assessed as changes in glomerular filtration rate and urine protein to creatinine (UP/C) ratios.
The healthy control subjects were supplemented for 6 weeks with 2 grams EPA plus 1.5 grams DHA daily to match the concentrations of active ingredients (EPA and DHA) given to the IgAN patients. Controls were supplemented for 6 weeks instead of 2 years because as healthy subjects their kidney function was not assessed and because preliminary trials in our labs showed that 6 weeks was needed to achieve maximal plasma levels of omega-3 fatty acids at this supplementation dose.
Over 80 different individual oxylipin molecules were analyzed by mass evidence is mounting that omega-3 fatty acids can moderate inflammation in the body and help reduce the risk and symptoms of kidney disease, heart disease and arthritis. Above, a patient undergoes dialysis for kidney disease.
spectrometry and grouped into categories based on their synthetic pathways. Oxylipins that are metabolized by the CYP enzymes are called epoxides, which can be further metabolized by the soluble epoxide hydrolase enzyme into diols. Oxylipins that are metabolized by the COX enzymes and those metabolized by the LOX (5-LOX and 12/15-LOX) enzymes were added together. Total oxylipins were also calculated by summing all 87 individual oxylipins together.
Oxylipin responses. The IgAN patients had significantly higher total oxylipins as well as each of the categories of oxylipins -including epoxides, diols, COX and LOX metabolites -relative to healthy controls (table 1) . These results are consistent with the systemic inflammation in IgAN patients that is associated with overproduction of oxylipins. These oxylipins are likely mediators of a vast array of inflammatory signaling events.
When the response to supplementation with omega-3 fatty acids was compared among IgAN patients and controls, there were clear differences (table 2) . Whereas diols increased in controls by 27%, they decreased by 17% in IgAN patients supplemented with fish oil. In controls, the COX metabolites decreased by 4% in response to fish oil, whereas in IgAN patients they did not change. Total oxylipins decreased by 15% in IgAN patients on fish oil but did not change in the controls.
These data indicate that IgAN patients responded differently to omega-3 fatty acid supplementation than did healthy controls. Since the IgAN patients had almost 200-fold higher total oxylipins than the controls at baseline, the 15% decrease in response to fish oil suggests that although fish oil was able to reduce inflammation in these patients, it was not enough to reduce their oxylipin levels to those of controls. As expected, oxylipin levels did not change in IgAN patients on the corn oil placebo.
Kidney function. The patients were also examined as two separate groups: those whose kidney function improved (greater than 25% decrease in UP/C) over 2 years versus those whose kidney function did not improve (less than a 25% decrease in UP/C). In patients whose kidney function improved, total LOX metabolites were lower at baseline, and total COX metabolites were lower at the post time point (table 3) . These data indicate that oxylipins may be a potential marker of improvement in kidney function and response to treatment.
Targeted nutrition recommendations
Once the normal ranges of omega-3 fatty acids and their oxylipin metabolites have been established, metabolite databases necessary for the discovery of specific plasma-based biomarkers will be used both to assess initial metabolic status and monitor treatment progress. Plasma oxylipin profiles could eventually be used to determine both inflammatory status and responsiveness to dietary changes in the ratio of omega-6
Oxylipins may be a potential marker of improvement in kidney function and response to treatment. * Data are means and SE for oxylipin categories significantly different between patients whose kidney function was either nonimproved (> −25% change in UP/C ratio) or improved (≤ -25% change in UP/C ratio) from baseline to 2 years. † LOX = lipoxygenase; COX = cyclooxygenase. ‡ Student's t-tests comparing two groups. § Total 5-LOX values measured at baseline (presupplementation). ¶ Total COX values measured postsupplementation.
to omega-3 fatty acids. More studies are needed to determine the normal ranges of oxylipins as well as the deviations from these normal ranges in different disease states, so that dietary interventions can be evaluated. The long-term goal is the ability to design targeted nutritional recommendations for health optimization and disease prevention in individuals and groups.
Omega-3 fatty acids are generally deficient in Western diets. This deficiency is due in part to the disproportionately high consumption of omega-6 fatty acids, which are more common in commercial products like fast food, as compared to omega-3 fatty acids, which are less common. Dietary deficiencies in omega-3 fatty acids may be contributing to the preponderance of inflammatory diseases in the United States and elsewhere.
The effects of omega-3 fatty acids on modulating inflammation are poorly understood, in part due to the lack of information regarding the plasma concentrations of omega-3 fatty acids and their oxylipin products in both healthy and diseased states. However, omega-3 fatty acids have well-supported broad effects on human health; they improve cardiovascular health, improve the condition of patients suffering from autoimmune and neurological diseases, and promote renal health.
Though in general we can conclude that omega-3 fatty acids are beneficial to health, a better understanding of the mechanisms and individual variations in the metabolism of the omega-3 fatty acids and their oxylipin products is needed. With this understanding, nutritional recommendations regarding the intakes of these anti-inflammatory dietary compounds could be improved to better treat and prevent inflammatory diseases.
